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ABSTRACT

The measured characteristics of slots in a transmission line
propagating the TEM mode are given in Part I. The line consists of
a rectangular outer conductor and a round inaer conductor. A cum-
parison is made between mcaured and theoretical resulte. The
characteristics of dumbbell-loaded slots are shown. The results are
also presented for a linear array which was designed using the
dumbbell-loaded slots, In Part [I the investigations were carried out
in & line consisting of a rectangular outer conductor and a flal
center conductor. gcifects of Jifferont types of loading on resonant
length and resonant irequency were iavestigated. The bandwicth
of transverse slots as a function of shape and loading was studied
and ~ comparison for various slot configurations is given.




PART I

S5LOT STUDY IN RECTANGULAR TEM TRANSMISSION
LINE WITH ROUND CENTER CONDUCTOR

by Robert J. Stegen and Joseph R. Miller

INTRODUCTION

A TEM transmission line feeding an 2+-ray of slols has some advantzpes
over a waveguide feed. The TEM line has a smaller cross-sectional area
than a waweguide and, therefore, the weight and windage could be lese,
A TEM line branching structure feed syztem may be made very compact and,
therefore, would probably result in a weight saving over a waveguide
sysiem. With these possible advantages in mind slots {#d by a TEM trans-
mission line were investigated,

The use of a conventional coaxial transmission line with circular inner
and outer conductors «s the slot feed line was undesirable for several
reasons. Slotted lines of circular cross-section and of the size desired
were not available, so that either a well-matched broadband transition
secticn or a slotted line would have had to be fabricated. However, wave-
guide slotted lires were available which wouid serve as a suitable rectan-
gular outer conductor. In addition, a rectangular outer conductor would
provide a flat surface upon which to cut the slo ¢, thereby permitting closer
tolerances than on a circular outer conductor. The choice of circular rod
as the center conductor was dictated by its availability. S-band was chosen
as the frequency range so that slot manufacturing tolerances would be
reasonable while still keeping the size of the component: emall.

DESCRIPTION OF TRANSMISSION LINE

Since the measurements were to he made at S-band, a convenient
outer conductor to use was 0.4 x 0.9 inch X-band waveguide with an
X-band slotted line for the impedance measurements. Standard 7/32-
inch diameter aluminum rod was used for the center conductor so that
the characteristic impedance (Zy) would be close to 50 chms. The calcu-
lation of the Z, of this type of transmission line is given in the Analytical
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Stutty Section. Propagation at L-band in this transmission Yine wase in the
TF: mode, Higher modes we.e beyond cutoft, Figure 1 shows the irrpd.
rnes moasuring equipment including slotted line and radiation o ootor,
The short-circuiting plunger assembly and type N connectior attachment tao
thias TEM lire are shown in Figures 2. The short-circuiting plunger is of
the contacting type in whkich the fingers 2re a quarter wavelength long,
making contact to the outer and inner conductors at a point cf minimum
current. The plunger is equipped with a screw drive and vernier scale,
Poly-foam: bead supports were used tecause of their low dielectric constant
and low logs. The VSWR intreduced by 1/4 inch beads was below 1,02,

A matched termination was developed whict consists of a wedge of
polyiron irserted in the line. This termination has the VSWR frequency
characteristic as shown in Figure 3.

ANALYTICAL STUDY

An analytical study of this type of TEM *ransmission line has been
mads by Bagovichl.

The study was made using the following assumptions:

a. The outer surface abom .he slot is a perfectly conducting infinite
plane;

b. ‘The walls of the TEM line are perfectly conducting and of neg-
ligible thickness;

¢. The length of the slots is near a haif free-space wavelength and is
narrow in terms of wavelengths; anrd

d. Tke line transmits only the TEM mode.

The expression for the normalized series resistance of an inclined
slot placed on the center-line (of the wide-di.«=nsion side) of a TEM line
having a rectangular outer conductor and a circular inner conductor is

1569 £2
—2” ‘2 Hz 6,4, ‘pﬁ:l) 55'"29 (l)

[+

where

the half-length of the slot,

the wide dimension of the outor conductor,

= the narrow dimension of the outer conductor,

= the angle of inclination of the slot from the longitudiral axis of the
transmission line,
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7% the harvacteristic impedance of the TEM transmiss sn line, nrd
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and (‘;’"v Yo) is the position of the center conductor, the x and y axes

being along the wide and rarrow edges of the outer conductor, respectively.

~rankel has analyzed the balanced two.wire line shown here and has
calculated the characteristic impedance to be
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A septum may be placed aiong AB without upsetting the field roufig.
uration., For the usual transmission line,

9 = !
° w
where

v = the velocity of propagation in the dielectric and

C = the capacity of the transmission line per unit length.
Si1 ce the capacity from one wire tco the tube is twice the capacity beiween
wires, the 2, of a transmission line consisting of one round conductor within
a rectangular tube would be one-half of that given above. For the case of
the 7/32-inch rod centerc? within a 0.4 x 0. 7-inch rentangular tute, the
characteristic impedance is

Z, = 50.0 ohms. (5)

The capacity of a length of this transmission line was measured at
1000 cps. T:e Z, calculated from this value of capacity agreed within ex-
pcrimental error with the theoretical value.

At 3000 inc/s with the above dimensions, (1) becor .es

R = 357240 sinl6. - (6)



MEASURED RESULTS

Unloaded Slots

Impedance data were obtained on inclined slots 0.0625 inch wide, placed
on the center-line of 0.4 x 0.9 inch (inner dimension) rectangular tuhing.
Impedance measuring techniques similar to those used for waveguide siots?
were used. A curve of resonant length as a functicn of angle of inclination
from the center-line is plotted in Figure 4 for a frequerncy of 3000 mc/s.
The curve is extrapolated to the zero tilt angle axis in order o provide
necessary design information. An empirical expression for the rescnant
siot length at this frequency is :

£ = 1.19 + 0.003 6° inches. (7)

H{(8, b, a, B,.£) as given by (2) can now be evaluated for the particular
transmission line used. A plot of H* at 3000 mc/s as a function of the
2agle of inclination of the slot from the centar-.line is shown in Figure &,

A 20° resonant slot in the suriace of the outer conductor has a nor-
malized resistance at 3000 mc/s of 1.58 as compared to the value of 2.07
obtained from theory. The difference may be attributed to the finite ground .
plane, to the wall not being of zero thickness, and to experimental error.
‘The measured data were obtained without a ground plane beczuse it was felt
that a two-dimensional array of these slots might be vsed without any ground
planes,

Figures 6 and 7 are plots of normalize. resistances and resonant slot
lengths as functions of frequency. Figure 8 is a plot of the ratio of measured
to calculated resistance as a function of slot angle. It appears that the error

can be taken into account by a factor which is a linear function of the tilt
angle #. This function is

R = 0.525 + 0.012 &° (8)

The expression for the slot resistance at 3000 mc/s aow becomes

R = 38.7 27K sinl6. (9)



Figure 9is 4 plot of this empirical expreasion for slot resistance as a
function of tilt angle, 8, with the measured points indicated,

Loaded Slots

Unloaded series slots wkich alternate about the waveguide center-line
will overlap if they are spaced about a half wavelength apart. End-loading
the slots will aliow them to be resonant at shorter lengths and conrequently
keep them from overlapping. This is accormplished by making them dumb-
bell shaped. Figures 10 and 11 plot resonant frequency and normalized
resistance as functions of dumbbell diameter for 4, 7, and 10 degree slots.
These are for a constant over-all length of 2,284 inches. The curves of
dumbbell diameter and normalized resistance versus tilt angle (Figure 12)
were cbtained from Figures 10 and 11 at 3000 mc/s.

TEM LINEAR ARRAY

A sixteen-element lirear array (Figure 13) of inclined dumbbeil slots
was designed for a 30 db Tchebyschef! rz2diation pattern. The beam positiow .
was chosen to be 10 degrers from the normal to the array at the desiyn fre-
quency of 3000 mc/s. This determined the element spacing. The array was
terminated in ~ -atched load. The design neglected transmission line atten-
uation and slon . -slot coupling except to the dominant mode in the trans-
mission line. Thke input VSWR and the radiation pattern at 3000 mc/s are
shown in Figures 14 and 15, Figure 16 gives the beam position, half-power
beam width and side-Iobe level as a function of frequency.

The recults indica'e that this type of antenna is feasible, The difference
between the design sidc -lobe level and the me. cured values is probably due
in part to machining errors since the slots were required to be inclined at
very small angles from the axis of the outer conductor. Insufficiently
accurate design data may also be a contributing factor to this difference.
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PART I

SLOT STUDY IN RECTANGULAR TEM TRANSMISSION
LINE WITH FLAT CENTER CONDUCTOR

by Eric Strumwasser and Jo Ann Short

INTRODUCTICN

The TEM strip transmission line which was built as the feed for iLe
investigation of the slot characteristics consisted essentially of two par-
allel plates, spaced 3/8 inch apart as the outer conductor and 3/8-inch by
1/16-i1ich brass strip as the center conductor, fed through a coaxial con-
nector and terminated in a movable short. As shown in Figure 17, the
original width of the line was 9-3/4 in._hes with the feed end necked down
to a width of 4 inches for attenuation of %i;;her-order modes. Siaading
wave ratio and phase measurements w=re made with a movable probe de-
tector inserted in a longitudinzl slot cut above the center line cf the center
conductor. Evidence of the presence of the higher-order TE|g mode in
the line was observed when calibration of the mcvable short reveczled res-
onances sccurring at positions of the short Ag/2 apart for this mode.
Tapering the sides of the line from the 4-inch wide feed end to the 9-3/4-
inch width was not effective in eliminating the TEjqy mode. The width of
the line was then reduced to 4 inches throuchout its length to cut off the
TE;p mode for the L-band frequency range ¢’ 1000 to 1350 mc/s. This
uniform width was interrupted for a distance of 2 inches to allow measure-
ment of transverse resonant slots longrr than 4 inches. The top plate was
also cul for insertion of a 2-inch section containing the test slot. The
characteristic impedance of this line was calculated to be 50 chms. The
calculations are based on equations and curves given by Begovich and
Margolinl. The characteristic impedance also was experimentally deter-
mined by a measurement of the capacitance of the line. The value of 53.9
ohms obtained in this way deviates from the calculated alue by less than
the experimental error of the capacitance bridge used.

With a blank shorting section inserted in the 2-inch opening in the top
plate, reflections in the line were measured and found to be negligible,
Measurement of the relative field distribution across the line was made
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by inrz2rting a probe in a trans erge slot with the movable shart nfjucied
for minimum radiation from tiie slot. The resr)ts (Figurelk) show ths
field intensity dropping <{f sharply on either side of the center conducior,
This distribution indicates that any higher-order modes cf interest are
36 db or more below the TEM mode when thare is no radiation from the
slot., However, later impedance measurements made of a short dumbbell.
loaded slot disclosed a discrepancy between results obtained with the ligs
having the 2-inch wide gap left in the sides and the line having continuous
gides. In thease results the deviation in phase amcunted to approximately
0.03 ). No difference in VSWR was noted. The phase deviation iy appar-
ently owing to the fact that, in the presence of the radiating rlot. bigner-
order modes exist which differ in configuration for tue two different iine

geometries.

Significant experimental errors were introduced in the measurements
by sag of the center conductor and by emall changes in its I~teral positiva
produced bty movement of the contacting short, A variation of + 18 per cent
in normalized resistance and % 11 per cent in normalized reactance was
found in measurements {aken for various orientations of the movable short
in the line. In view of this large experimental error, the results obtained
with the 50-ohm line must be cornzidered as preliminary data only. How-
ever, trends in slot characteristics as a function of various paramedters
have been established. Also, the knovledge gained frcm experimentation
with this line serves as a basis for the design of a line with much improved
characteristics.

IMPEDANCE MEASUREMENTS

The elot characteristica described in the following paragraphs were
measured with the 50-ochrm TEM transmission line with the 2-inch gap left
in the side walls, The measurement procedure .>r all impedance measure-
ments is the slotted line technique described by R. J. Stegenz.

Resonant le:. 7th and normalized resonant resistance of a centered
straight trarsveise slot 1/16 inch wide are shown as a function of irequency
in Figurel9. The resonant length remains close to one-balf wavelength
throughout the frequency range.

To obtain a variation of resistance for a fixed frequency, the slot was
offset transversely from the certer conductor. The normalized resistance
and the reactance of a 5-inch long, 1/16-inch wide trarsverse slot were
measured as a function of offset for several {requencies near rezonance
and the resulta are shown in Figures 20 and 21.
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Various methods of lcadiag were investigated in order tg shortcn the
resonant length of the slot. By terminatiag a slot in circular holee, a slot
of 3 inches over-all iength with l-inch-diameter duinhbells was found to
be resonant at very nearly 1200 mc/s, which corresponds tc rescnance for
a S5-inch by 1/16-inct straight slot. The normalized resistance and the
reactance of this dumbbell-loaded slot are plotted as a function of nfiset
from the center conductor for a number of frequencies near resconance
(Figures22and23). The effacts of dielectric loading were also inves’igated.
A 3-inch long, 1/2-inch wide ulot was filled with various dielectii~e and
the rexonant frequency measured as a function of dielectric constant
(Figure 24). The dielectric materials consisted of pclystyrene containing
various percentages of titanium dioxide. It has also been noted that, by
combining dumbbell end-loading with dielectric loading in the straight
portion of a siot, resonant slots as short as 1,8\ can he chtained.

Variation of resonant resistance at a fixed frequency can also be accom-
plished by the use of inclined slots. The resistance of a slot is a function
of the angle of inclination between the slot center line and the longitudinal
axis of the center conductor. With a slight modifica‘ion of the transmission
line, angular slot impedance measureincnts can also be made,

If the resonant frequency of a slot is defined as that frequency at which
the slot impedance is real, the curves in Figures 21and23indicate that the
vresonant frequency of a tranaverse slot is a function of offset as ‘well as a
function of its shape and loading. If a design curve is desired for a linear
array in which rescnant radiators are to be used, the variation in resonant
frequency with offset must be compensated for by variation of dumbbell
size or by a change of dielectrics. This would require a large number of
additional measurcments. ’

Because it was felt that the variation in resonaint frequency with offset
might be caused by the 2-inch gap in the sides of the 50-ohm line, and as
a2 number of other limitations of this transmission line Lecame apparent,
ideas for an improved design were developed. A line was designed and was
built which used an increased spacing of 1-1/4 inch between top and bottom
plates and thus made impedance measurements less sensitive to variations
in the position of the center conductor. This line has the same 3/8-inch x
1/16-inch center conductor dimensions and a constant width of 3.9 inches.
A3 a result of the increased spacing. the calculated valve of the character-
iztic impedance was 100 ohms!, Measurement of the capacitance of this
line furnished a value of characteristic impedance of 107 ohms, which de-
vintes frorn the calculated value by less than the experimental ervor of
thie crpacitance bridge used for the measuremnent, The normalized resonant
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resistance of a slot in this 100-ohm lins should theoret:ically he half of
its value in the 50-chm line, which is an advantage in abtaining a low
resistance range required in linear array design®. To reduce experi-
mental error in the measurements further, sag of the center conductor
wi3 prevented by putting the strip in tension rather than having it heldin
position by polyfoam supports. Finally, provisions were made for moving
the center conductor transversely with respect to the longitudinal axis
of the transmission line. In this way a wider range is obtained for ofifset
of the slot transversely from the strip centerline, permitting the use of
longer slots in the 3.9-inch wide linc (see Figures 25 and 26;j.

Up to the present time, only a few slots have been measured in the
100-ohm line and the first results show the resonant resistances to have a
value approximately half of those measured in the 50-chm line. Figures 27
and 28 give normalized resistance and reactance as a function of oflz~t for
a 2.380-inch long, 1/8-inch wide, dielectric-loaded slot (¢ =7.5) for a
nurmber of frequencies near resonance. The dielectric material contained
fiberglas and titanium dioxide and extended 1/8 inch above and below the
slot cut in 1.32-inch thick plate, as shown in the sketch of Figure 27.
From the original Smith Chart plot of the data (Figure 29), it may be noted
that the resonant frequency {1095 mc/s} varies only slightly. Tre plci of
resonant resistance as a function o/ cifset (Figure 30) may then be used as
the array design curve,

A forty-element array now is being constructed using the same guide
and strip diinensions as the 100-ohm line, and the results will be avail-
able at a later date. An analysis of the impedance characteristics of
tranaverse slots in a TEM mode transmission line has been made by Dr. N.
Begovich and will also be published in the near future.

BANDWIDTH

The "Q" of a slot is defined as Q =fo/Af, where fo is the frequency
at which the slot impedance is real, and Of is the bandwidth between the
frequencies at which the slot impedance falls to 0. 707 times its maximum
value. Figure 31 is a typical plot of absolute slot impedance as a function
of frequency indicating the bandwidth of a slot. The effects of variation of
various s’ot parametzrs on the Q of a transverse slot were studied. The
following general trends can be recognized: '

1. Reducing slot length by various methods of loading tends to in-

crease the Q of the slot,

2. Widening the slot lowers the Q but increases the resonant fre-

gueney,
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3. Increasing the dielectric constant of the loading materiu! incrrnces
the Q of the slot,

The table below gives a comparison of Q's and resonant frequencies
for various slot configurations,

Resonant Line Characteiistic
Frequency (mc [s) Q Impedance (Ohms)
5" x 1/6" straight unloaded 1200 24 3
3" x 1/8" straight, dielectric | 1150 33 100

loaded, € =7.2

3" x 1/16" x 1" diameter 1200 37 50
dumbbells

2-1/2" % 3/16" x 7/8" diameter| 1229 27 - 50
dumbbells, dielectric
in straight section
only, € =7.4

3" x 5/8" straight, dielectric | 1390 14 100
loaded, € = 7.2

2" x 1/16" x 1/2" diameter 1000 110 50
durnbbells, dielectric
in straight section
only, e =7.4

1-5/8" x 1/16" x 1/2" diameter] 1300 118 50
dumbbells, dielectric
in straight section
only, e =7.4

These results indicate that, with the proper choice of slot width,
dielectric material, and dumbbell size, the over-all length of a slot can
be reduced appreciably while still keeping it comparatively broadband as
compared with an unloaded slot. Further investi gation of kroadbanding and,
in particular, the characteristics of multiple slots, are covered by Ehrlich,
Reed, and Short4,
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